Current Knowledge/Study Rationale: The generalizability of fi ndings from the few studies that identify OSA as a risk factor for the development of diabetes may be limited by small samples, few incident cases, and possible referral bias that may apply to clinical samples. The importance of other polysomnographic measures (e.g., oxygen desaturation) and sleepiness in the development of diabetes is also unclear. Study Impact: The current study has identifi ed that severe undiagnosed OSA and nocturnal intermittent hypoxemia were independently associated with the development of diabetes in a large population cohort of middle-aged and older men. Given the scale of the problem of undiagnosed OSA, improved management is required to ensure that a patient presenting with one condition is screened and treated for the other with a strategy that does not rely on the presence of excessive daytime sleepiness.
O bstructive sleep apnea (OSA), 1 type 2 diabetes, 2 and obesity 3 have been increasing in prevalence over the past two decades. Although studies suggest that more than half of people with diabetes also have OSA and diabetes is present in 15-30% of patients with OSA, 4 their coexistence may be strongly related to the presence of obesity, a key risk factor for both conditions.
Cross-sectional associations between OSA and diabetes have been reported in clinic 5 and population-based samples 4, 6, 7 ; however, the temporal relationship of OSA to diabetes is unclear. 4, 8 There is signifi cant heterogeneity across seven published longitudinal studies 4, [9] [10] [11] [12] [13] [14] [15] of OSA-related diabetes risk in terms of sample sizes, numbers of incident cases, followup periods, and referral bias associated with selected samples. In the Wisconsin cohort, no independent association of moderate-severe OSA with incident diabetes was observed, 9 and other studies have demonstrated only modest associations. [10] [11] [12] [13] [14] [15] Consequently, a recent systematic review found "little published evidence of a longitudinal association between OSA and diabetes." 8 The importance of polysomnography (PSG) indices other than the apnea-hypopnea index (AHI), such as hypoxia, for incident diabetes is unclear. 8 Oxygen desaturation was a predictor of diabetes in men, 12 and Kendzerska et al. have recently reported that incident diabetes was associated with time spent with oxygen saturation less than 90%, (in addition to severe OSA) in a large sleep clinic cohort of 8,678 patients. 15 Similarly, the role of OSA-related excessive daytime sleepiness (EDS) in the development of diabetes is also unclear. 4 Our objectives, using data from a population-based cohort of men aged 40 y and older without a prior diagnosis of OSA, were to examine the longitudinal associations between diabetes that had developed over the previous 4 to 6 years and (1) current undiagnosed OSA and (2) other PSG characteristics (oxygen desaturation and arousals), and any modification by EDS.
METHODS

Study Participants
The Men Androgen Inflammation Lifestyle Environment and Stress (MAILES) Study is composed of randomly selected community dwelling men aged at least 40 y residing in Adelaide, South Australia, and has been described previously. 16 Initial random recruitment from electronic white pages occurred in 2000-2002. Clinic biomedical assessment, computer-assisted telephone interviews (CATI), and selfcompleted questionnaires followed standardized and reproducible study protocols. Data for the current analyses were derived from assessments in 2002-2006 (MAILES 1), 2007-2010 (MAILES 2) and in 2010-2012 (MAILES, CATI, and PSG studies). The obesity prevalence in the MAILES sleep study sample was identical to the 2012 Australian Health Survey findings. 3 The study was approved by the North West Adelaide Health Service and the Royal Adelaide Hospital institutional ethics committee. All subjects gave written informed consent for all study stages, and additional consent was sought to enable the reporting of clinic findings to primary care providers.
The study flow is outlined in Figure 1 .
Sleep Data
MAILES participants completed a CATI survey in 2010 (n = 1,629). Of these participants, 184 responded 'yes" to "Have you ever been diagnosed with obstructive sleep apnea with a sleep study?" and 1,445 men responding "no" were invited to undergo a sleep study, with 75.2% agreeing. Of these individuals, a random sample of 1,000 men was chosen for inclusion, and in 2010-2012, trained staff visited study participants in their homes to set up eight-channel in-home unattended PSG (Embletta X100, Embla Systems, Broomfield, CO). Anthropometry, current medications, and EDS (Epworth Sleepiness Scale [ESS]) were recorded. A physician investigator coordinated any necessary clinical follow-up of participants identified with an AHI ≥ 30/h. An experienced sleep technician performed manual scoring of all PSGs according to American Academy of Sleep Medicine (AASM) 2007 (alternate) criteria. 17 Studies were considered acceptable with 3.5 h of sleep and 5.5 h of total recorded study time. Apneas were defined as cessations of nasal flow lasting ≥ 10 sec and hypopneas as a > 50% decrease in nasal flow (or in both thoracic and abdominal excursions) and associated ≥ 3% oxygen desaturation or an electroencephalographic arousal. OSA was categorized from the AHI as mild: AHI of 10-19/h, moderate: 20-29/h, and severe: ≥ 30/h. 18 Previous work has shown that an AHI of 10/h scored with the alternate AASM criteria is equivalent to 5/h with "recommended" AASM criteria. 18 In order to maintain comparability with previous studies, a cutoff of 10/h was chosen. Oxygen desaturations ≥ 3% occurring/h of sleep (3% oxygen desaturation index [ODI 3%]) and percent of sleep time with oxygen saturation < 90% (TST90) are also reported. *n = 21 total sleep time (TST) not ≥ 3.5 hours from ≥ 5 hours recording; n = 3 poor respiratory signals; n = 2 poor EEG; n = 14 no oxygen saturation (SaO 2 ); n = 3 all traces/recording failed.
Clinic Assessment
Clinic assessment at baseline (MAILES 1: 2002-06) and follow-up (MAILES 2: 2007-10) measured blood pressure, height, weight, waist circumference, and fasting glucose, glycated hemoglobin (HbA1c), and lipid levels. Total fat mass at baseline was determined by dual x-ray absorptiometry using a Lunar PRODIGY scanner (GE Medical Systems, Madison, WI, US) in conjunction with Encore 2002 software or a DPX+ scanner (GE Medical Systems), in conjunction with Lunar software version 4.7e. No significant differences between scanners were observed through cross-calibration analysis. 16 Incident type 2 diabetes was identified by the presence of at least one diabetes criterion at follow-up in those without any of these abnormalities at baseline: fasting plasma glucose (FPG) ≥ 7.0 mmol/L; HbA1c of ≥ 6.5% (≥ 48 mmol/mol); selfreported physician diagnosis of diabetes; and treatment for diabetes using data linkage to national Pharmaceutical Benefits Scheme data recorded in the 6 mo prior to clinic visits. Smoking status, recreational physical activity levels, usual sleep hours, and shift work were self-reported. Waist circumference (cm) and body mass index (kg/m 2 ) were categorized according to usual international criteria.
Statistical Analysis
Data were analyzed using the Statistical Package for the Social Sciences version 19.0 (SPSS Inc, Chicago, IL, USA). Univariate associations of incident diabetes with current PSG indices of OSA including AHI, ODI 3% ≥ 16/h, quartiles of total arousal index (ArI), oxygen desaturation < 90% (TST90) ≥ 4% of total sleep time (the 75% percentile of TST90), and severity of OSA were determined (overall and stratified by daytime sleepiness) with Chi-square tests, including linear by linear association for OSA severity categories and ArI quartiles. Multivariable logistic regression analysis adjusted the relationship between PSG indices and incident diabetes for baseline confounders of age, education, income, total percentage of body fat, smoking, physical activity, weight gain over the follow-up period, and follow-up measures including ESS scores, sleep hours, and shift work. Modification of these relationships by EDS was assessed by the inclusion of an interaction term.
RESULTS
The characteristics of sleep study participants are shown in Table 1 . Self-selection bias was also examined and men who underwent a sleep study had similar levels of obesity, daytime sleepiness, and waking frequently overnight compared to those who did not; however, PSG uptake was significantly more common in men who were younger, and those reporting frequent loud snoring, and better self-rated general health ( Table 1) .
Of 736 men without diabetes at baseline, diabetes was identified in 66 men (9.0%) over a mean follow-up time of 56 mo (standard deviation = 5, range: 48-74 mo). Moderate to severe undiagnosed OSA (AHI ≥ 20/h) was present in 35% (n = 23) of those with incident diabetes [and in 32%, (n = 46) of those with prevalent diabetes]. Incident diabetes [% (n)] in relation to participant baseline characteristics is shown in Table 2 . Incident diabetes was significantly associated with older age, and significant age-adjusted associations were seen with lower levels of income and education and central and generalized obesity. No association was seen with EDS (ESS ≥ 11). Table 3 shows univariate associations between PSG indices and incident diabetes, and in relation to EDS. Few new diabetes cases occurred in men with EDS (n = 9). Incident diabetes was significantly associated with severe OSA, ODI 3% ≥ 16/h and TST90 ≥ 4%. Daytime sleepiness did not alter these associations.
In multivariable logistic regression analyses ( (AHI ≥ 30/h). A significant age-adjusted association of incident diabetes with TST90 ≥ 4% did not persist after additional adjustment for obesity. Effect modification by daytime sleepiness was not seen for any of the associations.
DISCUSSION
In an unselected cohort sample of community-dwelling men at least 40 y of age, the development of diabetes over the preceding 4 to 6 y was significantly associated with undiagnosed (and untreated) current severe OSA and ODI 3% ≥ 16/h after adjusting for important baseline confounders including age, total body fat and weight gain. The association of TST90 ≥ 4% was mediated by obesity, and no effects of arousals were observed. Significant-effect modification by daytime sleepiness was not seen for any of the associations.
Our findings are consistent with putative pathophysiological mechanisms linking OSA to diabetes, including oxidative stress caused by chronic intermittent hypoxemia, sleep deprivation, sleep fragmentation, hemodynamic disturbances, and alterations in sympathetic activity. 19 In a Japanese community sample aged 40-69 y, ODI 3% > 15 was associated with increased likelihood of incident diabetes over 3 y [odds 
ESS ≥ 11
(n = 9) OSA (AHI)
No (< 10) 6.9 (25) 6.5 (21) 10.0 (4) All (≥ 10) 11.0 (41) 10.6 (34) 11.4 (5) OSA severity (AHI)
Mild ( ratio, OR (95% confidence interval): 1.69 (1.04-2.76), but this study measured only oximetry and not other PSG parameters. 14 In a retrospective analysis from a clinical cohort, severe OSA (AHI ≥ 30/h) and oxygen saturation less than 90% for greater than 6.4 min were independently associated with the development of diabetes. 15 However, clinic samples may be subject to referral bias, particularly with regard to the development or severity of comorbidities. Obesity causes a decline in oxygen saturation, 20 which may partly account for attenuation seen of the association of TST90 with developing diabetes. Consistent with previous work, we found no relationship with arousal frequency. 6 Older studies in sleep clinic populations have suggested that impaired glucose metabolism was more prominent in patients with OSA with excessive daytime sleepiness 4, 21, 22 and constant positive airway pressure therapy-related improvements in insulin sensitivity have also been reported in patients with EDS. 4, 22, 23 In contrast, we have shown that in a population sample, sleepiness does not modify the association of OSA with diabetes that has developed over the previous 5 y. Our data are consistent with recent work that has not found sleepiness to be a modifying influence on HbA 1 c levels. 24 Sleep studies were only available at follow-up, which limited us to examining retrospective associations of diabetes development. Longitudinal cohort data has shown weight gain over a 4-to 6-y period is strongly associated with the development of OSA, 25 particularly among older men who are already obese. 25 We controlled for central weight gain over follow-up and baseline body fat, increasing the likelihood that OSA was an independent contributing factor to the development of diabetes, although our study design means this cannot be certain. The generalizability of these findings to women is uncertain.
In conclusion, severe undiagnosed OSA and nocturnal intermittent hypoxemia were independently associated with the recent development of diabetes in a community sample of middle-aged and older men. Weight loss can produce clinically relevant improvements in OSA among obese patients with diabetes that are sustained at 4 y. 26 The low reported rate of diagnosed OSA in a large primary care diabetes population of 18% 27 emphasizes the importance of recommendations 28 that clinicians managing OSA or diabetes should incorporate screening methods to ensure that a patient presenting with one disorder is assessed for the other.
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